T cell recognition of neoantigens. Our results have important implications for predicting response to ICB and for the design of neoantigen-based therapeutic vaccines.
I mmune checkpoint inhibitors that target cytotoxic T lymphocyte-associated protein 4 (CTLA-4) or programmed cell death protein 1 (PD-1) or its ligand (PDL-1) have markedly improved the treatment of patients with metastatic cancer (1) (2) (3) . However, tumor responses to these drugs are variable, and treatment resistance is common (4) (5) (6) . To date, most research to predict clinical efficacy of immune checkpoint blockade (ICB) therapies has focused on tumor immune phenotype, somatic genomic features, or the gut microbiome (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) , but how host germline genetics affects response is unclear.
The human leukocyte antigen class I (HLA-I) genotype has been linked with differential immune responses to infection, inflammatory conditions, and autoimmune diseases (22) (23) (24) (25) (26) (27) (28) (29) (30) . Each HLA-I molecule binds specific peptides derived from intracellular proteins for presentation on the cell surface to CD8 + T cells (31) (32) (33) . The antitumor activity of ICB has been shown to depend on CD8 + T cell, HLA class I-dependent immune activity (34) (35) (36) . We performed survival and genetic association analyses to address two hypotheses: (i) Zygosity at HLA-I genes influences survival of cancer patients to ICB, and (ii) individual HLA-I germline alleles influence survival to ICB.
We examined two sets of cancer patients (henceforth called cohort 1 and cohort 2) treated with ICB. Cohort 1 (n = 369 patients) was treated with anti-CTLA-4 or anti-PD-1 therapy, and exome sequencing and clinical data were obtained. Within cohort 1, 269 patients had advanced melanoma [previously reported (7, 11, 12, 17) ], and 100 patients had advanced non-small cell lung cancer (NSCLC) (table S1) (10) . Patients with NSCLC were treated mainly with anti-PD-1 monotherapy. Cohort 2 (n = 1166 patients) comprised different cancer types, including melanoma and NSCLC (table S1), and tumors were subjected to targeted next-generation sequencing (MSK-IMPACT) (37) . These patients were treated with drugs targeting CTLA-4, PD-1/PD-L1, or a combination of both, at the Memorial Sloan Kettering Cancer Center (37) . For all patients in both cohorts, we performed high-resolution HLA-I genotyping from normal DNA using DNA sequencing data or a clinically validated HLA typing assay (LabCorp).
HLA-I molecules are highly polymorphic, with variation located in the peptide-binding region; each variant binds a select repertoire of peptide ligands. As such, an individual homozygous in at least one HLA-I locus would be predicted to present a smaller, less diverse repertoire of tumor-derived neoantigens to cytotoxic T lymphocytes (CTLs) as compared with a person who is heterozygous at each class I locus (32) . We therefore asked whether greater diversity (heterozygosity) in the repertoire of antigen-presenting HLA-I molecules could be associated with better survival after ICB therapy. We examined HLA-I variation at each of the genes (HLA-A, -B, and -C) in cohort 1 and cohort 2 by using a Cox proportional hazard regression model to examine overall survival probability. HLA-I homozygosity in at least one locus was associated with reduced survival in cohort 1 [n = 369 patients; P = 0.036, hazard ratio (HR) = 1.40, 95% confidence interval (CI) 1.02 to 1.9] (Fig. 1A ) and was validated in the independent cohort of 1166 patients (cohort 2; P = 0.028, HR = 1.31, 95% CI 1.03 to 1.70) (Fig. 1B) . The number of somatic mutations in tumors was not statistically different between homozygous and heterozygous patients (fig. S1, A and B). Furthermore, the association of HLA-I homozygosity with reduced survival remained significant in multivariable Cox regression modeling when analyzed for mutation load, tumor stage, age, and drug class in cohort 1 (P = 0.02, HR = 1.50, 95% CI 1.07 to 2.10) (table S2) and in cohort 2 (P = 0.028, HR = 1.31, 95% CI 1.03 to 1.67) (table S3) .
We next examined all 1535 patients from cohort 1 and 2 together to determine whether the effect of homozygosity may be due to a single HLA-I locus or a combination of different loci. This analysis revealed that homozygosity at one HLA-I locus ("A," "B," or "C") was associated with significant reduction of overall survival (P = 0.003, HR = 1.38, 95% CI 1.11 to 1.70) (Fig. 1C) . The effect of homozygosity on survival because of specific HLA-I locus seemed mostly associated with HLA-B (P = 0.052, HR = 1.66, 95% CI 0.93 to 2.94) (Fig. 1C) and HLA-C (P = 0.004, HR = 1.60, 95% CI 1.16 to 2.21) (Fig. 1C) . The number of patients available likely limited the interpretability of analyses involving combinations of loci (such as HLA-A and -B). Our findings may be explained because HLA-B is generally expressed at higher levels on the cell surface than HLA-A and HLA-C and because HLA-B alleles bind to a greater diversity of peptides (38, 39) . Amino acids that bind to the B pocket of HLA-A alleles are broadly hydrophobic. By contrast, the B pocket of HLA-B alleles can accommodate a greater variety of residues (29, 39) . Antigen-presenting cells express higher levels of HLA-C on the cell surface than do other cell types (40) , suggesting that heterozygous HLA-C may facilitate continuous CTL priming (41) .
Previous reports have shown that the total number of somatic coding mutations in a cancer genome correlates with response to ICB (7, 8, (10) (11) (12) 17 ). An explanation for this observation is that the number of tumor mutations presented on the cell surface increases the probability of neoantigen recognition by cytotoxic T cells (42) . We found that HLA-I homozygosity and low mutation burden were strongly associated with decreased survival compared with patients who were heterozygous at each class I locus and whose tumors had high mutation burden, in cohort 1 (P = 0.003, HR = 2.03, 95% CI 1.27 to 3.30) (Fig. 1D ) and in cohort 2 (P < 0.0001, HR = 2.98, 95% CI 1.84 to 4.82) (Fig. 1E) . The combined effect of HLA class I heterozygosity and mutation load on improved survival was greater as compared with mutation load alone (Fig. 1, F and G) .
Previous work has reported loss of heterozygosity (LOH) of HLA-I genes in cancer (43, 44) .
We thus analyzed all tumor exomes from cohort 1 and identified 32 patients who were heterozygous at all HLA-I loci but had LOH in at least one HLA-I locus in their tumors (table S1) . Patients with LOH of HLA-I were associated with reduced survival (P = 0.05, HR = 1.60, 95% CI 1.03 to 2.43) (Fig. 1H) . Furthermore, the effect of LOH of HLA-I on survival was greater in patients whose tumors contained low mutation
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2 of 6 load (P = 0.0006, HR = 3.68, 95% CI 1.64 to 8.23) (Fig. 1I) . Given that only a small fraction of presented tumor mutations are immunogenic in cancer patients (45, 46) , our findings suggest that relatively small differences in the number of available HLA-I molecules in a given individual can present major challenges to effective antitumor T cell responses and efficacy to ICB. Furthermore, the demonstration of a significant survival advantage to HLA-I heterozygosity in patients treated with ICB both at the germline and somatic level highlights its importance in the dynamic antitumor immune response and immune evasion.
As an exploratory analysis, we also found that HLA-II homozygosity at HLA-DP was associated with reduced survival (P = 0.018, HR = 1.45, 95% CI 1.06 to 2.00) (fig. S2A) . Additionally, homozygosity at the HLA-DPB locus was associated with decreased survival (P = 0.04, HR = 1.37, 95% CI 1.07 to 1.87). This effect was independent of the associations of HLA-I homozygosity and mutation burden (tables S4 and S5). Mismatched HLA-DP has been shown to be associated with graft-versus-host disease (47 (table S8) restricted to B44 expressed by melanomas. All neoepitopes feature Glu (E) at position 2; neoantigens are also either identical or similar to the motif at one or two additional positions. The neoantigen FAM3C: TESPFEQHI was identified in a melanoma patient with long-term response to anti-CTLA-4 from cohort 1. Sequence similarity was determined by using standard residue classes (GAVLI, FYW, CM, ST, KRH, DENQ, and P).
Additionally, we used next-generation deep sequencing of T cell receptor CDR3 regions (TCR-seq) (48, 49) from a subset of tumor samples collected on-therapy (4 weeks after Nivolumab initiation) (17) . We found significantly higher on-therapy clonality of TCR CDR3s in HLA heterozygous patients as compared with HLA homozygotes (in at least one class I locus or at HLA-DP) (Wilcoxon rank-sum test, P = 0.0093) (Fig. 3F and table S1 ). To refine the interpretation of this result with respect to the antigenbinding properties of the TCR repertoire, the clonality of CDR3s encoded by a single VJ cassette combination was analyzed individually (17, 50) . Higher on-therapy clonality of TCR CDR3s per VJ was observed in HLA heterozygotes (Wilcoxon rank-sum test, P = 0.023) (Fig. 3G) . Altogether, these results indicate that the diversity of HLA molecules in a given patient influences the selection and the resulting T cell clonal expansion reactive against neoantigens after ICB (51).
To investigate the clinical relevance of individual HLA-I alleles after ICB therapy, we examined the effects of HLA-I supertypes on overall survival. Individual HLA-I alleles are classified into 12 discrete supertypes (52, 53), on the basis of similar peptide-anchor-binding specificities (26, 52, 53) . These supertypes together cover most HLA-A and HLA-B alleles found in distinct populations (52, 53) .
To assess the effect of HLA supertype on survival, we focused on melanoma patients because there were a sufficient number of patients in the two patient sets for meaningful analysis. On the basis of the biological definition of supertypes, we classified the 27 HLA-A alleles present in the patients with melanoma into six A supertypes and the 50 HLA-B alleles into six B supertypes ( Fig. 2A and table S1 ). We found two B supertypes, which were associated with survival outcome in patients with advanced melanoma treated with anti-CTLA-4. Patients with B44 superfamily alleles had significantly better survival (P = 0.01, HR = 0.61, 95% CI 0.42 to 0.89) ( Table 1) , and patients with B62 alleles had significantly reduced survival (P = 0.0007, HR = 2.29, 95% CI 1.40 to 3.74) ( Table 1 ). The B44 supertype was present at a prevalence of 45%, and the B62 supertype was present at 15% ( Fig. 2A) . We did not find any supertype significantly associated with overall survival in patients with NSCLC, likely because of the limited sample size.
We then examined whether these supertype associations were influenced by the presence of specific component HLA-I alleles. The B44 association was influenced by HLA-B*18:01, HLA-B*44:02, HLA-B*44:03, HLA-B*44:05, and HLA-B*50:01 (P = 0.001, HR = 0.49, 95% CI 0.32 to 0.76) (Fig. 2C and Table 1 ). And, the B62 association was significantly driven by HLA-B*15:01 (P = 0.002, HR = 2.21, 95% CI 1.33 to 3.70) (Fig. 3A and Table 1 ). Both of these B44 and B62 allele associations remained statistically significant (P = 0.01 and P = 0.02, respectively) after a Bonferroni correction. The variability in the effect on survival across these B44 alleles might be explained by allele frequency in the cohort or particular differences in the peptide motifs inside or outside primary anchor pockets (54, 55) .
In the independent cohort 2, melanoma patients treated with anti-PD-1 or anti-CTLA-4 who had these B44 supertype alleles had significantly better overall survival on univariate (P = 0.054, HR = 0.32, 95% CI 0.09 to 1.1) (Fig. 2, B and D) and multivariable analysis (tables S6 and S7). Furthermore, the effect of B44s on extended survival was greater when somatic mutational load was also considered in cohort 1 (P < 0.0001, HR = 0.23, 95% CI 0.13 to 0.41) (Fig. 2E) Chowell et al., Science 359, 582-587 (2018) 2 February 2018
4 of 6 and in cohort 2 (P = 0.023, HR = 0.13, 95% CI 0.02 to 1.03) (Fig. 2F) . The combined effect of the B44 alleles and mutation load was greater than simply considering mutation burden alone (Fig.  2, G and H) . In general, outcomes of melanoma patients in cohort 2 tended to be better than in cohort 1 because patients who received ICB and were accrued to our protocol for MSK-IMPACT testing tended to have longer survival. Yet despite this trend, we still observed a significant effect from the B44 alleles. The B44 alleles did not associate with survival in patients with melanoma from The Cancer Genome Atlas (TCGA), suggesting that the presence of B44 was predictive of response to ICB and was not prognostic (Fig. 2I) . Most members of the B44 supertype share a preference for peptides with Glu (E) at anchor position P2 and polar and hydrophobic residues at the C terminus (Fig. 2J) (54, 56) . We found that one out of the six enriched amino acid mutations across these tumors was G > E ( fig. S3 ). This observation suggests that there might be an enrichment of presentation of B44-restricted neoantigens. Additionally, a number of previously identified immunogenic antigens expressed by melanomas are HLA-B44-restricted (Fig. 2J  and table S8 ), including the testis antigen MAGEA3, which is restricted to HLA-B*44:03 and HLA-B*18:01 (both members of B44), and a clonal immunogenic neoantigen (FAM3C; TESPFEQHI) that was identified in a melanoma patient with longterm response to CTLA-4 blockade from cohort 1 (table S8) (11, 13) .
By contrast, the B62 association with poor survival driven by the HLA-B*15:01 allele was intriguing (Fig. 3A and Table 1 ). In an exploratory analysis, we sought to determine whether any molecular features in HLA-B*15:01 are associated with its effect on survival. Out of all the HLA-B alleles that were available for three-dimensional structural analysis [n = 119 Protein Data Bank (PDB) crystal structures] (table S9) (Fig. 3, B and C) . We postulated that this specific structural feature may modulate the effective T cell recognition of neoepitopes presented on HLA-B*15:01. To evaluate the validity of this hypothesis, we conducted molecular dynamics (MD) simulations following similar protocols used in previous studies (57) (58) (59) .
In the case of HLA-B*07:02 and HLA-B*53:01, MD simulations demonstrated that the bound peptide expands the respective HLA binding cleft, effectively breaking the bridge ( fig. S4, A  to D) . Conversely, in the HLA-B*15:01 molecule the bridge was largely maintained with the peptide present, and the bridging residues were also made much less flexible (Fig. 3, D and E) . Although the mean bridge separation remained nearly constant (~6 Å) in both systems of HLA-B*15:01 (Fig. 3E) , the fluctuations in this distance were less dramatic in the peptide-bound complex. Altogether, these distinct structural and dynamical elements of HLA-B*15:01 may impair the total strength of the interaction with T cell receptor for effective neoantigen recognition. However, further experimental work will be necessary to test this hypothesis. We found several mutations in genes that have been recently reported to contribute to HLA and cytolytic activity ( fig. S5) (4) (5) (6) 60) . However, we did not find any particular gene mutation associated with decreased overall survival.
Our findings reveal that HLA-I genes influence patient survival to ICB. Both patient-specific HLA-I genotype as well as somatic alterations in tumors affected clinical outcome to ICB, suggesting that these factors could be considered in the design of future clinical trials. The observation that the B44 is associated with extended overall survival may provide an opportunity for the development of therapeutic vaccines that potentially target immunodominant HLA-B44-restricted neoantigens expressed by melanomas. Our findings indicate that HLA-I homozygosity and LOH at HLA-I represent a genetic barrier to effective immunotherapy, and alternative ways to harness the immune system may be necessary to maximize clinical benefit. 
